Abstract: In many areas of practice and research, clinical observations are recorded on data collection forms by asking and answering questions, yet without being represented in accepted terminology standards these results cannot be easily shared among clinical care and research systems. LOINC contains a well-developed model for representing variables, answer lists and the collections that contain them. We have successfully added many assessments and other collections of variables to LOINC in this model. By creating a uniform representation and distributing it worldwide at no cost, 274
Introduction
The healthcare we deliver continues to be hampered by the incompleteness of patient data available to providers when and where they need it (Smith et al., 2005; van Walraven et al., 2008) . Coalescing the many varied sources that produce and store health information is especially difficult because of the plethora of idiosyncratic local conventions for representing clinical concepts in different electronic systems. We can build bridges across these islands of data much more efficiently by using data exchange standards (McDonald, 1997) . LOINC® (Logical Observation Identifiers Names and Codes) is a universal code system for identifying laboratory and clinical observations that facilitates exchange and pooling of results for the clinical care, research and outcomes management (McDonald et al., 2003) . When used in conjunction with widely adopted messaging standards such as Health Level 7 (HL7), vocabulary standards like LOINC can be an essential ingredient for efficient electronic processing and storage of clinical data that comes from many independent sources.
In many areas of practice and research, clinical observations are recorded on data collection forms by asking and answering questions. Survey instruments, questionnaires, case reports and other forms are an important and ubiquitous method of measuring a wide range of health attributes and other aspects of care delivery. They are widely used to screen, assess and monitor aspects as diverse as health-related quality of life, functional status, mental capacity, social participation and caregiver support. Yet, without being represented in accepted terminology standards, these results cannot be easily shared among clinical care and research systems.
All of the potential advantages of health information technology are constrained by the scope of the data available within them. LOINC intentionally covers a circumscribed domain, namely, observation identifiers. The LOINC Committee focused on this domain for several reasons (Huff et al., 1998) . In particular, because many systems were electronically sending procedure and measurement results using institution-specific names and codes, such a standard would have immediate benefits. LOINC is an openly developed standard that divides its work into two divisions: the Laboratory division focuses on the observations and measurements that can be made on specimen and the Clinical division focuses on the observations and measurements that can be made on patients. Many areas of LOINC such as clinical laboratory testing (Vreeman et al., 2007; McDonald et al., 2003) , radiology reports McDonald, 2005, 2006) and clinical note titles (Dugas et al., 2009; Hyun et al., 2009 ) have been found to have good content coverage in live clinical systems. Over time, we have continued to expand LOINC's content in many areas. The current LOINC version (Version 2.34, December 2010) contains 61,255 terms, of which 44,511 are laboratory terms and 16,744 are clinical terms.
Since its inception, Regenstrief has developed LOINC as an open standard and distributed it at no cost worldwide. LOINC has been widely adopted in both the public and the private sector, in the USA and internationally. Since 2008, LOINC worldwide adoption has continued to grow at the fast pace of 9 new users per day or more than 280 months. There are presently users in 140 different countries. Several countries (including Brazil, Canada, Germany, the Netherlands and Mexico) have adopted LOINC as a national standard, and there are large-scale health information exchanges using LOINC in Spain, Singapore and Korea as well. There are currently efforts underway in 18 countries to translate LOINC into 13 languages. Within the USA, LOINC has been adopted by many large national reference laboratories, health information exchanges, healthcare organisations, insurance companies, research applications, and also by several national standards. Notably, the Department of Health and Human Services adopted LOINC as the standard across federal agencies for laboratory result names, laboratory test order names, and federally required patient assessment instruments. LOINC has long been source vocabulary included in the National Library of Medicine's Unified Medical Language System. This past year, the HITECH Act of the ARRA stimulus bill authorised the Centres for Medicare and Medicaid Services (CMS) to give reimbursement incentives for eligible providers and hospitals that become 'meaningful users' of certified Electronic Health Record (EHR) technology, and subsequently LOINC was adopted as the standard for lab orders and results in these meaningful use and standards certification criteria (Health Information Technology Final Rule, 2010) .
Structured collections of observations are one important area where we have focused recent development efforts. Within LOINC, we make a distinction between
• panels such as the 'complete blood count' or 'Braden scale', which are collections that have enumerated discrete contents
• documents such as a 'physical therapy evaluation note' or 'discharge summary', which are general information collections whose contents are not definitively enumerated .
Our focus in this paper is on clinical (non-laboratory) panels and their contents. We use the term 'panel' in a general sense that encompasses survey instruments, questionnaires, standardised patient assessments, data collection sets and other kinds of 'forms'. For the purpose of this paper, we use 'variable' to refer to one of the items in a panel (which in some contexts may be thought of as a question or a data element), and will use 'answer' to refer to the result of a variable (which for quantitative variables would be a number, but for categorical variables may be thought of as an answer or choice). As a corollary, we use 'answer list' to mean the set of allowable answers, values, or choices for a particular variable. Within our work on structured collections of variables, we have put a special emphasis on extending LOINC's representation of standardised patient assessment instruments. LOINC's goal in including assessment content is to provide a 'master question file' and uniform representation of the entire instrument's essential aspects. In this way, we could, for example, enable a depression severity score to be shared with the same exchange, storage and processing infrastructure as health information systems use for communicating the results of a complete blood count or set of vital signs.
The purpose of this paper is to describe LOINC's model for representing panels with the variables and answer lists they contain, highlight the scope of current coverage for clinical panels and to discuss some of the key lessons learned along the way.
Methods

Overview of LOINC
LOINC constructs 'fully specified' names according to an established model that contains six main axes ( 
Representing panels in LOINC
We have built a robust model for representing panels in LOINC through iterative and collaborative development. The methods used in developing this model to cover the complexities of standardised assessment instruments have been described previously , so here we present summary of the model's key features. Because of the important psychometric properties of standardised assessments, LOINC's model captures not only the overall hierarchical organisation of the instrument (panel), but also many other additional attributes of each variable (often a question), such as the exact question text and answer list. In this way, the LOINC database not only serves as a master question file, but also provides a standardised representation of each instrument as a whole.
Hierarchical panel structure
LOINC represents panels, whether laboratory batteries or assessment instruments, by creating LOINC panel terms that are linked to an enumerated set of child elements. A complete hierarchical structure can be represented because the child elements themselves can be panel terms, which enables full nesting. For each collection of variables that can be used as an independent package, we create a LOINC panel term and build its complete hierarchical structure. The fully specified LOINC names for panel terms are constructed according to the usual LOINC model, but typically have the name of the data set or assessment (or section header in the case of nested sets) in the Component, and a '-' for the Property and Scale because the child elements vary in these attributes.
Attributes of individual variables
The main LOINC table contains the LOINC code, fully specified name, and fields for many other additional attributes about the terms. Table 2 presents a subset of these attributes that are important in representing the essential aspects of content from questionnaires, standardised assessments and other data sets. These LOINC term attributes are optionally populated where appropriate; some of the fields are used almost exclusively by terms from assessment instruments (e.g., question text, question source) whereas others are used by LOINC terms from many domains. Because many assessment instruments are copyrighted and made available under specific terms of use, the ability to identify and store the exact text of the external requirements was an important evolution of the LOINC data structure. 
Answer lists
The clinical meaning of many questions on assessment instruments is inextricably tied to the allowable answer options, and thus LOINC contains a data structure for linking LOINC observation codes to answer lists. 
Panel-specific attributes of variables
The LOINC model for representing assessment content not only supports reuse of variables across panels, but also enables some attributes to be stored at the level of the instance of the variable within a particular panel. This feature allows these non-defining attributes (e.g., local code, help text, branching logic, etc.) to vary for the same LOINC code used in different panels. A sample of these panel-specific item attributes is listed in Table 4 . We also use this mechanism to handle the circumstances where the same clinical observation has different labels across instruments, e.g., 'Body Mass Index', 'BMI' and 'Body Mass Index (BMI)', in a Display Name Override field. 
Special export of panel content in LOINC distribution
All of the panel content in LOINC (both laboratory and clinical) is made available at no cost in the standard LOINC release formats and within RELMA. Additionally, beginning with LOINC version 2.26 (January 2009), the contents of many panels have also been released in a special export format as a separate download. This export is distributed in a spreadsheet that includes three separate worksheets for the three tables defining the full panel construct: one for the hierarchical structure and panel-specific attributes, one for the LOINC concepts and associated variable-level attributes, and another that defines the answer list associated with each concept (where appropriate).
Results
A growing universal instrument and item bank
With the iterative refinements made to the LOINC model for representing panels, we have successfully represented a wide variety of content. Over time, we have continued to add new content to LOINC, including many patient assessments. Table 5 lists the assessment instruments that are available in the structured export format of the current LOINC release (version 2.34, December 2010). This export contains more than 42,000 terms from 58 different panels. The LOINC model has been successfully used to represent collections that are patient-reported (e.g., howRU) and clinician-observed (e.g., Morse Fall Scale), clinically focused (e.g., Confusion Assessment Method) and administratively focused (e.g., Nursing Management Minimum Data Set). We have put special effort into representing the instruments required for payment by the US Federal Government for assessing functioning and disability in post-acute care settings. LOINC now includes the full representation of the Minimum Data Set (MDS) version 2 and version 3 (used in skilled nursing facilities), the Outcome and Assessment Information Set (OASIS) version B1 and version C (used in home health settings), the Mental and Physical Residual Functional Capacity assessments (used by the Social Security Administration to support disability claims), and the Continuity Assessment Record and Evaluation (CARE) instrument that is being developed for use across all post-acute care settings. Figure 1 shows a representation of a sample item from the MDS version 3, and Figure 2 shows the display from RELMA for the corresponding LOINC term that illustrates some of the rich assessment content in LOINC. The LOINC model accommodates panels with categorical variables that have enumerated answer lists as well as other clinical variables that report physical quantities, like height, weight, or systolic blood pressure using the typical LOINC terms. In addition to the content available in the structured export, LOINC also includes several other standardised collections of variables in the same data model. For example, LOINC includes the full set of variables for the standard HIV care and antiretroviral therapy specified by the World (PhenX, 2011 ) is funded by the National Human Genome Research Institute to develop and distribute a set of high-priority measures that will enable crossstudy comparisons and analyses in genome-wide association and other clinical studies. PROMIS (PROMIS, 2011) is funded by the National Institutes of Health Roadmap for Medical Research Initiative to develop publicly available computer-adaptive tests for measuring patient-reported symptoms such as pain, fatigue, physical functioning and other aspects of health-related quality of life across a wide variety of chronic conditions. The current LOINC release (version 2.34, December 2010) contains a representation of four PhenX domains (360 terms) and all of the items in the PROMIS version 1.0 item banks (660 terms organised into 21 item banks and 21 short forms). Representing these variables in LOINC will promote data sharing across settings by integrating the wide spectrum of patient observations from laboratory tests to research assessments into a unified standard.
By collecting the details about individual variables and the panels that contain them, LOINC makes it easy for system implementers to access the content in a common format. The Personal Health Record being developed by the National Library of Medicine is an early example of a system that has the capability to read the LOINC panel definition and dynamically create electronic data collection forms (Lister Hill National Center for Biomedical Communications -US National Library of Medicine -National Institutes of Health, 2011). Having a standard for patient observations of all kinds also makes it possible to construct interoperable electronic result messages that blend routine clinical data with results from formal research questionnaires. Furthermore, LOINC's no-cost worldwide distribution keeps the barriers to adoption very low.
Enabling interoperability together with other health information technology standards
LOINC's standardised representation of assessment content is an important enabling component of interoperable exchange between electronic systems and has been adopted by several large US initiatives. The National Committee on Vital and Health Statistics endorsed LOINC's model for assessments based on the recommendations of the Consolidated Health Informatics workgroup on Functioning and Disability (National Committee on Vital and Health Statistics, 2011). These recommendations adopt LOINC as the standard for federally required
• questions and answers
• assessment forms that include functioning and disability content. (Westra et al., 2010) . The NMMDS has been recognised by the American Nurses Association, and provides a minimum set of essential standardised management data to support nursing management and administrative decisions for quality improvement.
Variation across panels
When adding the content from these assessments to LOINC, we found substantially more variation across panels than we had initially expected, and some of it could have been avoided. Many of the variables in the OASIS, MDS and CARE instruments are very similar, but not directly comparable. For example, although many of the variables from MDS version 3 were similar to those in CARE, the look-back reference period differs (seven days vs. two days). The lack of direct comparability is also present between different versions of the same instrument. Common changes we observed between instruments included considerably modifying the question wording, adding or removing answers from the answer list, as well as adding or removing whole variables from the set. To illustrate, consider the MDS version 3, which we modelled in LOINC after representing the OASIS-B1, MDS version 2 and CARE instruments. Of the 710 variables in the MDS version 3, 72 LOINC terms were reused from MDS version 2, 13 LOINC terms were reused from the CARE instrument and four LOINC terms (height, weight, birth date and discharge date) already existed in LOINC from other sources.
Moreover, some of the differences we observed might have been prevented. For example, both CARE and MDS version 3 include two items from the PHQ (Kroenke et al., 2001) , which is a standardised, validated and copyrighted instrument. Figure 3 shows the different representation of these items between the three instruments. CARE and MDS version 3 differ from the original PHQ by breaking each question into two responses, and differ from each other in their answer lists. Likewise, the MDS version 2, OASIS-B1, MDS version 3 and CARE instruments all ask clinicians to record the number of pressure ulcers that a patient has at a given stage. Table 6 shows the different coding instructions given on these four instruments. As a final example, consider the commonly assessed attribute of pain frequency. Table 7 shows the variations in the questions and associated answer lists about pain frequency among the MDS version 2, MDS version 3, CARE, OASIS-B1 and OASIS-C. 
Table 6
Variations in variables about number of pressure ulcers at a given stage from MDS version 2, OASIS B1, CARE, and MDS version 3 Patient has no pain, patient has pain that does not interfere with activity or movement, less often than daily, daily but not constantly, all of the time
Assessment instrument
Discussion
LOINC contains a well-developed model for representing variables, answer lists and the collections that contain them. With continued growth, LOINC is expanding as a large 'master observation file' that provides a uniform representation of the essential attributes for items in data collection forms. The level of standardisation achieved by modelling this content in LOINC provides an important component of enabling interoperable data exchange, storage and processing. By creating a uniform representation and distributing it worldwide at no cost, LOINC aims to lower the barriers to interoperability among systems and make this valuable data available across settings when and where it is needed. Many promising opportunities exist for continuing to expand the rich content already present in LOINC. The CDC has several ongoing initiatives that are also adopting LOINC as the standard for variables, including the National Health and Nutrition Examination Survey that includes examinations and interviews of about 5000 nationally representative participants (Centers for Disease Control and Prevention, 2011; Bonander and Gates, 2010) and the Case Reporting Standardisation workgroup (Case Reporting Standardization Workgroup, 2011) that is harmonising the variables used in case reporting of national notifiable conditions. In addition, Regenstrief is also engaging in early conversations with the American Psychological Association and American Physical Therapy Association about including widely used instruments for assessing mental health and movement impairments in LOINC.
LOINC's inclusion of assessments aims to achieve a convergence of codes and vocabulary for observations by providing a uniform and standardised representation. This approach complements the current efforts to build metadata repositories and other clinical information models by providing the lingua franca that can populate the models and be used for exchanging data between and among clinical and research systems. One such metadata repository is the National Cancer Institute's Cancer Data Standards Registry and Repository (caDSR), which is a database and a set of Application Programming Interfaces and tools to create, edit, control, deploy and find common variables (Covitz et al., 2003) . The names, definitions, answer lists and other variable attributes from LOINC could be used to populate the metadata in caDSR. Similarly, LOINC's assessment content has already been represented in the data model of the CEN/ISO 13606 standard, which makes them usable and editable in this archetype format by software tools with features like GELLO code to automatically calculate anion gap, or automatic generation of an HL7 v2 message (Medical Objects, 2011) . The Clinical Data Interchange Standards Consortium (CDISC) has produced a study data tabulation model standard (CDISC, 2008a (CDISC, , 2008b for reporting data sets to regulatory authorities that supports and recommends LOINC as the universal identifier for observations. CDSIC has also developed the Clinical Data Acquisition Standards Harmonisation (CDASH) for enabling more efficient data collection, including a structure for grouping questions into collections, specifying the exact question text, and listing coded response values (CDISC, 2008a (CDISC, , 2008b . Although the CDASH specification does not currently contain a domain neutral structure for representing the full content of assessment instruments, it seems feasible that the panel content in LOINC could also be imported into this structure for the domains that are covered. The ability to insert LOINC into other data models makes available a wider range of tools and services for implementers. Clinical study data management systems such as TrialDB (Brandt et al., 2003) and REDCAp (Harris et al., 2009 ) are one such type of application that we believe could also leverage LOINC's universal identifiers and complete representation of clinical variables and assessment content to more easily exchange data between clinical and research systems.
Lessons and recommendations
To inform future work in the informatics of metadata, questions and answer lists, we have synthesised the observations made in developing the LOINC representation of this diverse panels into a set of recommendations and lessons learned.
Variation abounds and limits comparability
As we modelled various assessment instruments in LOINC, we were struck by the degree of variation among observations measuring similar clinical characteristics. In some cases, there may be good justification for making entirely new instruments or considerably modifying the questions of an existing instrument. Indeed, many of these variations were intentional choices of the assessment developers, but we also noticed other differences that seemed arbitrary and might have been avoided. The lack of comparability between the assessment instruments required for payment by CMS in post-acute care settings creates obstacles for caring for often-fragile patients; the information on one assessment cannot be used to directly populate another.
We urge clinical researchers and other potential data set developers to look closely at existing collections and variables. Before inventing yet another variant, the possible benefits should be weighed against the loss of data comparability. The larger the amount and generalisability of the existing data, the more carefully we should consider any potential modifications. Having a large collection of panels and variables in LOINC's uniform format should make it easier to review and reuse the existing content. Brandt et al. (2004) have described a set of approaches and informatics tools that can be used with such a master collection to assist researchers in integrating disparate research questionnaires.
Furthermore, collaboration between data collection developers and standards developers could smooth the process. Our starting point for building the LOINC model of most assessment instruments was typically a paper form, although some had their own unique software programs and data structures. In the journey to transform the content into LOINC's uniform model, we were forced to reconcile many potential discrepancies and ambiguities that might have been clarified if the uniform data model was a component of the initial conceptualisation. Some of these issues included:
• How were the answers of 'unknown', 'undetermined', or 'unable to answer' represented • For variables with a possible answer of 'other specified', how was that answer and the blank line value stored
• Are units of measure implied for any of the variables and if so, how is it presented to the user
• Which text on the form is really the variable or 'question' and which is just supplementary (and perhaps could be presented differently to the user).
Some of the large differences we observed in question style impact both the user experience and how that data could be stored in an electronic record. For example, some instruments asked users to specify yes, no, or unknown to a very long list of potential diseases whereas others instructed them just to list the active ones. Starting with the LOINC model and an eye towards exchanging the results with widely adopted messaging standards like HL7 may help elucidate some of these latent challenges. The best practice recommendations in the CDASH (CDISC, 2008) are an important step in this regard, and could be complemented with the content and uniform representation of LOINC.
Intellectual property restrictions can be large barriers
Prior to being able to include a copyrighted instrument in LOINC, Regenstrief must negotiate separate (often resource consuming) agreements with each copyright holder. The LOINC structure allows us to provide a copy of the terms-of-use, attribution, descriptions, links to papers and reference material and other notices. Many copyright owners require attribution and specification of the terms of use that protect against changing the variables, which are sensible. However, other owners limit use in difficult ways like requiring royalties for each use. These restrictions present a large barrier to widespread interoperable exchange of their results, and may even be unknown to most users (Powsner and Powsner, 2005) . Consistent with LOINC's overall distribution aims of free worldwide use, we have included content (with permission or under applicable terms of use) that allows the content to be used and distributed at no cost for clinical, administrative and research purposes. We strongly recommend that organisations that fund development of standardised data collections (especially validated ones) require that they be made available with unrestrictive licences.
A master catalogue and uniform representation is a step forward
Building a master catalogue of panels and variables in LOINC is an enabling step towards interoperable data exchange, but much work remains. Many opportunities remain for expanding the content represented in LOINC to other domains. The uniform format that LOINC's model provides should make it more efficient to build data collection interfaces and processing components that in turn make it easier to collect and manipulate these data. The instruments that can be administered directly to patients may be of special importance because they limit the amount of data entry time required of clinicians. Furthermore, representing the variables from various collections in the same standard vocabulary as laboratory and other clinical measurements encourages their use in other potentially beneficial health information technology applications such as clinical decision support and quality reporting systems. We have lamented the amount of variation in the variables we modelled, but it is difficult to know which differences are meaningful without empirical analysis. Such analyses will be easier to conduct if the data can be pooled by a common exchange infrastructure. And finally, future valuable work would be to develop efficiency-gaining processes like automatically populating a standardised form based on the existing data from an EHR.
Conclusion
LOINC contains a well-developed model for representing variables, answer lists and the collections that contain them. We will continue adding high-priority new content as part of LOINC's open development process. By creating a uniform representation and distributing it worldwide at no cost, LOINC aims to lower the barriers to interoperability among systems and make this valuable data available across settings when and where it is needed.
